Abstract. The attainment of chemoresistance during tumor metastasis is often experienced. In this study, we evaluated the correlation between sensitivity to 5-fluorouracil (5-FU) and the mRNA expression level of several 5-FU-related metabolic enzymes [thymidylate synthase, dihydropyrimidine dehydrogenase (DPD), thymidylate phosphorylase (TP), orotate phosphoribosyl transferase, and uridine phosphorylase] in primary colorectal cancer and synchronous liver metastases from ten patients to investigate how colorectal cancer acquires 5-FU resistance during liver metastases. A liver metastasis model of xenotransplanted human colon cancer cell line (HCT116) in nude mice and several cell lines from metastatic liver tumors were also established and analyzed. Chemosensitivity and mRNA expression levels were measured by using collagen gel droplet-embedded culture drug sensitivity tests and real-time quantitative reverse transcriptionpolymerase chain reaction. Metastatic liver tumors were significantly more resistant to 5-FU than primary colorectal cancer (T/C, 88.7% versus 69.7%, p<0.05). DPD and TP mRNA levels were significantly higher in metastatic liver tumors (DPD: 10.36±1.81 versus 3.95±0.99, p<0.01; and TP: 18.80±4.96 versus 7.28±1.23, p<0.05) and inversely correlated with 5-FU sensitivity (DPD: R=0.570, p<0.05; TP: R=0.600, p<0.05). In the mouse model, metastatic liver tumors were significantly more resistant to 5-FU than HCT116 (T/C, 92.7%, 96.2% versus 68%, p<0.001). The DPD and TP mRNA levels increased with repeated liver metastases. DPD and TP may affect the acquisition of resistance to 5-FU during liver metastasis of colorectal cancer. This mouse model may be useful for analyzing the mechanisms of how colorectal cancer acquires resistance to 5-FU during liver metastases.
Introduction
5-Fluorouracil (5-FU) has been used for more than 40 years to treat various cancers and is still used as a first-line anticancer drug for colorectal carcinoma (1) . Although the response rate as a single agent is usually less than 20%, biochemical modulation by leucovorin enhanced the anticancer effects of 5-FU and increased its response rate to 20-30% (2) . Irinotecan, a topoisomerase-I inhibitor, showed a higher response rate of nearly 40% when it was used with 5-FU and leucovorin for the treatment of metastatic colorectal cancer (3) . These facts suggest that it is important to understand the mechanism of the antitumor effect of 5-FU and determine how metastatic tumors acquire resistance to this anticancer drug to improve the response rate to 5-FU.
Several 5-FU-related metabolic enzymes are thought to correlate with the sensitivity to 5-FU (4) (5) (6) (7) (8) (9) (10) . Two main modes of action have been proposed for 5-FU through its active metabolites, 5-fluoro-2'deoxyuridine-5'-monophosphate (FdUMP) and 5-fluoro-uridine-5'-triphosphate (FUTP) (10) . FdUMP suppresses thymidylate synthase (TS) by forming a covalent ternary complex with 5,10-methylenetetrahydrofolate and thus indirectly affects DNA synthesis (11) . Therefore, the expression levels of TS have been thought to correlate with sensitivity to 5-FU. FUTP is incorporated into cellular RNA, resulting in RNA dysfunction (12) . 5-FU is catabolized to 2-fluoro-ß-alanine in the liver and other tissues by dihydropyrimidine dehydrogenase (DPD). DPD, which is the first and rate-limiting enzyme, rapidly eliminates more than 85% of administered 5-FU (13, 14) . This catabolism has been thought to have a meaningful role in resistance to 5-FU. To activate 5-FU into its nucleotides, three phosphorylation pathways and enzymes are known (15) . Thymidylate phosphorylase (TP) indirectly metabolizes 5-FU to FdUMP by 5-fluoro-2'-deoxyuridine (FUdR). 5-FU is directly metabolized to 5-fluorouridine-5'-monophosphate (FUMP) in a reaction by orotate phosphoribosyl transferase (OPRT). Uridine phosphorylase (UP) indirectly metabolizes 5-FU to FUMP in a sequence of reactions that converts 5-FU to 5-fluororidine.
In gastric and colorectal cancers, high expression levels of TS mRNA and protein were correlated with unresponsiveness to 5-FU (4). In colorectal cancers, low levels of DPD mRNA expression were seen in all of the 5-FU responders compared with much higher levels in the 5-FU nonresponders (5) . A few studies demonstrated that high levels of TP mRNA correlated with resistance to 5-FU (5, 6) . Recently, 5-FUsensitive colorectal cancer tissues were found to have higher OPRT enzyme activity than nonsensitive tissues, as determined by an in vitro chemosensitivity test (7) . Colon tumor cell lines with inhibited UP showed less cytotoxicity to 5-FU (8) .
It is often observed that malignant tumors acquire chemoresistance during metastasis or show different clinical responses to chemotherapy at different sites of metastasis (9) . Some reports indicate that the sensitivity to antitumor drugs, as determined by several sensitivity tests, differed between the primary tumors and their metastatic cancers (16) (17) (18) . Several reports have shown that the expression levels of 5-FU-related metabolic enzymes differed from the sites of metastases (9, (19) (20) (21) . However, no previous reports have compared the sensitivity and expression level of 5-FU-related metabolic enzymes in the primary tumor and its metastatic tumors in order to discuss the attainment of resistance or low sensitivity to 5-FU during tumor metastasis.
In this study, to clarify the mechanism of acquisition of resistance to 5-FU during liver metastasis of colorectal cancer, we investigated the correlation between the expression levels of TS, DPD, TP, OPRT, and UP mRNA and the sensitivity to 5-FU of primary colorectal cancer and synchronous liver metastases. We found that the expression levels of DPD and TP mRNA were higher in liver metastases than in primary colorectal cancer and correlated with lower sensitivity to 5-FU. To confirm this result from clinical specimens, we created a liver metastasis model of a xenotransplanted human colon cancer cell line, HCT116, in nude mice. We established several cell lines highly metastasizing to the liver. HCT116, established from a primary cell culture of a human colonic carcinoma (22) , is known to be sensitive to 5-FU (23) . HCT116 highly metastasizes to the liver when it is injected into the subserosa of the cecum in nude mice (24) . Cell lines that were established from liver metastases were also analyzed and showed higher expression levels of DPD and TP mRNA, as well as lower sensitivity to 5-FU compared with the parent cell line, HCT116.
Materials and methods
Collection of tumor tissues. Tumor tissues were collected from surgically resected primary colorectal cancer and synchronous liver metastases from 10 patients between September 2001 and October 2004 at the Department of Table I . Patient and tumor characteristics. 
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Surgery, Shiga University of Medical Science, Shiga, Japan. Clinicopathological features of the 10 patients who participated in this study are listed in Table I . Briefly, two patients had rectal cancer, three patients were men, the average age was 65 years, and all patients had synchronous liver metastases. None of the patients received preoperative treatment. The samples were immediately cut into pieces. One portion was snap-frozen in liquid nitrogen and stored at -80˚C until the extraction of RNA, and the other portion was preserved in culture medium at 4˚C until sensitivity tests were performed. This study was approved by the Institutional Review Board of Shiga University of Medical Science. All patients gave their written consent.
Real-time quantitative reverse transcription-polymerase chain reaction (RT-PCR).
Total RNA was extracted using Trizol reagent (Invitrogen, Inc, Carlsbad, CA), an RNeasy Mini kit (Qiagen, Inc., Chatsworth, CA) and DNA-free (Ambion, Inc., Austin, TX) according to the manufacturers' instructions. The purity and amount of total RNA were spectrophotometrically estimated by measuring the absorbance of an aliquot at 260 and 280 nm. The integrity of the rRNA bands was checked using agarose gel electrophoresis. Prepared total RNA (1 μg) was reverse-transcribed to synthesize cDNA using the oligo(dT) [12] [13] [14] [15] [16] [17] [18] primer and Superscript II (Invitrogen, Inc, Carlsbad, CA) according to the manufacturer's instructions. Expression levels of TS, DPD, TP, OPRT, and UP mRNA were measured by real-time quantitative RT-PCR (LightCycler; Roche Diagnostics GmbH, Mannheim, Germany) and LightCycler mRNA Quantification Plus kit for TS, DPD, and TP mRNA (Roche Diagnostics GmbH) according to the manufacturer's instructions. The PCR reaction mixture for OPRT and UP mRNA consisted of 500 nM of each primer, 4 mM MgCl 2 , and 1 μl LightCycler-FastStart DNA Master SYBR-Green (Roche Diagnostics GmbH) to a final volume of 20 μl. The sequences and annealing temperatures were: OPRT, 5'-TCCTGGGCAGATCTAGTAAATGC-3' and 5'-TGCTCCTCAGCCATTCTAACC-3' at 55˚C; and UP, 5'-TGACTGCCCAGGTAGAGACTATCC-3' and 5'-AGA CCTATCCCACCAGAAGTGC-3' at 60˚C, followed by 40 cycles. The G6PDH Primer Set was obtained from Search LC GmbH (Heidelberg, Germany) and used as an internal control.
Collagen gel droplet-embedded culture drug sensitivity test (CD-DST).
Chemosensitivity to 5-FU was analyzed using the CD-DST method according to the manufacturer's instructions (25, 26) . Briefly, each sample was treated with Dispersion Enzyme Cocktail EZ (Nitta Gelatin Inc., Osaka, Japan). The obtained cell suspension was inoculated into collagen-coated flasks (CG-flask, Nitta Gelatin Inc.) and cultured in preculture Gelatin Inc.) with a final density of 1x10 5 cells/ml. Three drops of the collagen-cell mixture (30 μl/droplet) were placed in each well of 6-well plates on ice and allowed to gel at 37˚C in a CO 2 incubator. DF medium containing 10% fetal bovine serum was overlaid on each well 1 h later and incubated overnight.
5-FU was purchased from Kyowa Hakko Kogyo, Co., Ltd. (Tokyo, Japan). 5-FU was added to the medium at a final concentration of 1.0 μg/ml, and the plates were incubated for 24 h. After the removal of medium containing 5-FU, each well was rinsed twice with 3 ml of Hank's balanced salt solution, overlaid with 4 ml of PCM-2 medium (serum-free medium, Nitta Gelatin Inc.), and incubated for an additional 7 days. At the end of incubation, neutral red was added to each well at a final concentration of 50 μg/ml, and colonies of cancer cells in the collagen gel droplets were stained for 2 h. Each collagen droplet was fixed with 10% neutral-buffered formalin, washed in water, air-dried, and quantified by image analysis. The growth rates of control incubations were calculated as the image density on day 7 divided by the image density on day 1. Cases with growth rates >0.8 were regarded as evaluable cases. The in vitro sensitivity was expressed as the T/C ratio percentage, where T was the image optical density of the treated group and C was that of the control.
Human tumor xenograft and nude mouse liver metastasis model. Male nude mice with a BALB/cA genetic background were purchased from CLEA, Inc (Tokyo, Japan). The 6-to 8-week-old mice weighing 20-22 g were used. HCT116 was obtained from the American Type Culture Collection (MD, USA) and cultured according to the manufacturer's instructions. A liver metastasis model of xenotransplanted human colon cancer cells in nude mice was developed according to previous studies (27, 28) . A single cell suspension of HCT116 (5.0x10 6 /50 μl) in PBS was injected subcutaneously into nude mice. After tumors reached the exponential growth phase, they were resected aseptically, and viable tumor tissues were minced into 3-to 5-mm diameter pieces in PBS. Mice were anesthetized with diethyl ether, and an incision was made through the left lower abdominal pararectal line and peritoneum. The cecum wall was carefully exposed and a tumor piece was then fixed on the serosa of the cecum with a 5-0 Dexon (Davis-Geck, Inc., Manati, PR) transmural suture. The cecum was then returned to the peritoneal cavity, and the abdominal wall and skin were closed with 5-0 Dexon sutures. The mice were sacrificed after 6 weeks, and metastatic liver tumors were extracted. Half of the extracted tumors were cut into 3-to 5-mm diameter pieces in PBS and sutured on the serosa of the cecum of another mice in the same way. The other pieces were minced and cultured in 10-cm dishes with RPMI-1640 containing 10% FBS. We established several cell lines from this model (the second cell line was named KOSA2, and the fourth was named KOSA4b), and analyzed the expression levels of TS, DPD, TP, OPRT, and UP mRNA and chemosensitivity to 5-FU as described above. 
Results
CD-DST was performed in all colorectal cancer tissue (efficacy, 100%) and 8 of 10 liver metastases (efficacy, 80%) specimens. Metastatic liver tumors were significantly more resistant to 5-FU than the primary colorectal cancer (T/C, 88.7% versus 69.7%, p<0.05) (Fig. 1A) . The quality of mRNA isolated from 9 of 10 samples could be used for further RT-PCR analysis. The expression level of DPD mRNA was significantly higher in metastatic liver tumors compared with primary colorectal cancer (mean ± SE, 10.36±1.81 versus 3.95±0.99, p<0.01; Fig. 2A ) and inversely correlated with sensitivity to 5-FU (R=0.570, p<0.05; Fig. 3A) . The expression level of TP mRNA was also significantly higher in metastatic liver tumors (Fig. 4C) . The expression levels of OPRT and UP mRNA were higher in metastatic liver 
Discussion
We often observe that different sites of metastasis show different clinical responses to chemotherapy. However, the mechanism behind the acquisition of different sensitivity levels by tumor cells during metastases is not well known. Several 5-FU-related metabolic enzymes have been studied, and their intratumoral expression levels are thought to correlate with sensitivity to 5-FU (4-10,19). Some reports have indicated that the expression levels of 5-FU metabolic enzymes differed between the primary and metastatic sites (20, 21) . In this study, we focused on 5-FU-related metabolic enzymes. We investigated how colorectal cancer became resistant to 5-FU during liver metastasis by comparing the expression levels of 5-FU-related metabolic enzymes and the sensitivity to 5-FU of primary colorectal cancer and synchronous liver metastases. We found that two 5-FUrelated metabolic enzymes, DPD and TP, might affect the acquisition of resistance to 5-FU during liver metastasis of colorectal cancer. The expression levels of DPD and TP mRNA were significantly higher in metastatic liver tumor compared with primary colorectal cancer, and the levels were significantly and inversely correlated with sensitivity to 5-FU. Several studies reported that 5-FU catabolism by DPD was a probable determining factor for resistance to 5-FU (5, 10, 15) and the expression level of TP correlated with resistance to 5-FU (5, 6) . Results from the present study correspond with previous reports that tumors with higher expression levels of DPD or TP mRNA showed low sensitivity to 5-FU for colorectal cancer (5) . Because intratumoral expression levels of DPD and TP mRNA are high, DPD inhibitors, such as 5-chloro-2,4-dihidroxypyrimidine (29) and capecitabine (30) , which is designed to generate 5-FU selectively in tumors by TP, might be useful for chemotherapy to treat metastatic liver cancer derived from colorectal cancer.
Several reports have indicated that TS expression was significantly related to the response to 5-FU in gastric and colorectal cancer patients and high intratumoral expression of TS mRNA or protein was one cause of resistance to 5-FU (4). In the present study, however, the TS mRNA level did not differ between metastatic liver tumors and primary colorectal cancer, and did not correlate with sensitivity to 5-FU in both the clinical samples and animal model. Previous reports have indicated that the expression level of TS mRNA or protein in liver metastases is significantly lower than that of primary colorectal cancer (20, 21) . These reports also indicate that TS might not influence the acquisition of resistance to 5-FU during liver metastases of colorectal cancer. From these results, we can understand why liver metastases of colorectal cancer have a high response rate to hepatic arterial infusion of 5-FU (1) . A high dose of 5-FU may be enough to not be degraded by a high expression level of DPD, and a low expression level of TS assists 5-FU in inhibiting DNA synthesis in tumors. However, in patients treated by 5-FU who had liver metastases from colorectal cancer, TS amplification was identified and thought to be a mechanism of resistance to 5-FU (31). Acquired 5-FU resistance after 5-FU treatment in liver metastases of colorectal cancer seems to be associated with increased TS expression.
The preferential use of the OPRT pathway was revealed to correlate with a higher sensitivity to 5-FU in human colorectal tumors and normal mucosa (32) . Some investigators stated that UP was critical to the activation of 5-FU in experimental models (33) . However, OPRT and UP did not appear to affect 5-FU resistance during liver metastases of colorectal cancer. In this study, the expression levels of OPRT mRNA and UP mRNA did not differ between metastatic liver tumors and primary colorectal cancer, and the expression level of mRNA did not correlate with sensitivity to 5-FU.
Because the number of clinical specimens was limited, we made a liver metastasis model of xenotransplanted human colon cancer cells (HCT116) in nude mice. We established and analyzed several cell lines from metastatic liver tumors. In this model, liver metastasis cells were significantly more resistant to 5-FU than parent HCT116 cells. The expression level of DPD and TP mRNA in metastatic cells increased with repeated metastases. McLeod et al performed an analysis of DPD activity in colorectal cancer, including 60 primary tumor and 3 liver metastasis specimens, and 5 colorectal cell lines (34) . They reported that the median DPD activity in cell lines was lower than that of colorectal tumors or liver metastases. In the present study, the expression level of DPD mRNA in HCT116 was lower compared with clinical samples. The low level of DPD activity or mRNA expression observed in these human colon carcinoma cell lines suggests that down-regulation of DPD occurs in vitro. In this model, however, up-regulation of DPD occurred during liver metastases. It became widely accepted that tumors were heterogeneous, and cells from individual tumors differed in biologic characteristics, cellular morphology, karyotype, growth rate, receptors, metabolism, and metastatic ability, even if tumors derived from one patient have the same origin or history (16) . Studies have stated that some tumors arise from a small population of 'cancer stem cells,' which may be more resistant to chemotherapy and cause metastases (35, 36) . The cancer stem cell may cause the up-regulation of DPD and resistance to 5-FU and liver metastases. Further studies are expected to provide insight on the reason for the acquisition of resistance to anticancer drugs in metastasis. In another study, the level of TP protein in gastric and colorectal carcinoma cells was measured by ELISA and found to be significantly low (37) compared with the level in primary colorectal cancer (38) . It was pointed out that predominant cells positive for TP were macrophages and other stroma cells within tumor tissues (as determined by immunohistochemistry), and the activation of fluoropyrimidines in humans might rely on the paracrine of TP by these stroma cells, but not tumor cells (39) . This fact suggests that tumor cells and other cells, such as stroma and blood cells, interact with each other in vivo, and this interaction may affect the efficacy of anticancer drugs in tumor cells. Using the CD-DST method, cancer cells and other cells are co-cultured in three-dimensional collagen gel droplets; these conditions may reflect in vivo circumstances. Only cancer cells are distinguished by neutral red and its computer system. CD-DST might be a useful sensitivity test for studying tumor cells under in vivo-like conditions Based on results from clinical specimens and the liver metastasis model in nude mice, we conclude that DPD and TP may play a role in the acquisition of resistance to 5-FU during liver metastasis of colorectal cancer. The liver metastasis model in this study might be helpful in the investigation of mechanisms by which colorectal cancer cells acquire resistance to 5-FU during liver metastasis.
